Due to the growing elderly population in many developed countries like Japan, assistive devices are increasingly needed to overcome the difficulties of their activities of daily living (ADL). The motion of standing up places a particular burden on the ankle and knee joints and connects static motions (e.g., sitting and lying) and kinetic motions (e.g., walking and climbing up/down the stairs). In our previous research, two types of standing-up assistance apparatuses were introduced according to the suitable standing-up motions. However, these devices are bulky and cannot be widely used in practical settings such as bus terminals. Regarding the suitable standing-up motions of the elderly in the previous literature, a standing-up apparatus with a pantograph mechanism is introduced to diminish the size of the mechanism based on three design principles: (1) the trajectory of the user's COG is an arc; (2) the trajectory of the user's hip joint while standing up is a straight line at an angle of 45 [deg] from the horizon; and (3) the user is supported until the knee angle reaches 60 [deg]. Simulations showed that the load on knee and ankle joint is decreased, and user may stand up easily with our proposed apparatus. A prototype of the apparatus that may be installed on various chairs in public was fabricated. Considering that the apparatus may be used in places without electric power supply, the apparatus is made simply with links and a gas spring instead of electric actuators. Experimental measurements of the trajectories of the center of gravity (COG) and hip joints show that the proposed apparatus may help users to stand in a way that minimizes stress on their lower-body joints.
Introduction
The proportion of elderly people in the population has rapidly increased in Japan and in other developed countries. This has created many serious societal issues, because of the elderly's decreased physical ability and the high costs of institutional care. To avoid an increase in the number of people requiring nursing care, the built environment and apparatuses that help the elderly maintain independence must be developed for motions of activities of daily living (ADL) such as walking, operating mechanisms using upper limbs, and standing up. For the standing-up motion, several products (Toshiba Tech Corporation and Amami Co., Ltd.) have been launched that only assist users in raising their buttocks. Most of these apparatuses do not consider human's motions such as the trajectory of the center of gravity (COG) .
To analyze and evaluate human motion, An et al. (2014) found that kinematic events during the standing-up motion are divided into four phases: forward movement of the shoulder, raising the hips, minimum ankle dorsiflexion and maximum shoulder height. In the results of their dynamic simulations, the maximum required torque of the knee and ankle joints while standing up occurred at the beginning of the hip-raising phase. Therefore, devices that help elderly people stand up from chairs in public spaces may significantly reduce the physical burden of daily activities, especially if the device can assist the hip-raising phase of standing up. In consideration of best assisted standing-up motion, Knapik et al. (1983) found in experiments with 31 subjects (16 men and 15 women) that the maximum output torque on the knee joint appears when the angle reaches approximately 60 [deg] . Tanaka et al. (2014) noted that, in general, the trajectory of young people's COG while standing up has an "S" shape since they have greater muscle strength and generate momentum by swaying the trunk forward. When young people stand up slowly, however, the trajectory of their COGs takes an "L" shape. In this case, the load on the leg muscles increases when the trajectory shifts along the L-shaped line. With data from human subjects standing up, Nakajima et al. (1997) hypothesized that the best way for the elderly to stand up is by leaning forward to reduce the load on the leg muscles. The trajectory of able-bodied elderly people's COG has an "arc" shape while they stand up, since they always lean forward during the flexion momentum phase. As this trajectory moves along the arc-shaped curve, the momentum of the upper body is used to reduce the load on the muscles in each leg. Tanaka et al. (2011) further developed apparatuses for assisting this motion, such as the types of caster walker and bed.
However, the caster walker and bed devices are bulky and were not designed for use in public spaces like bus terminals and subway stations. To facilitate practical use in public spaces, the size and weight of assistive devices must be seriously reduced. In this paper, we propose a compact and relatively lightweight assistive device that assists users in standing up with a COG trajectory that minimizes physical strain. According to our previous work (Tanaka et al., 2011 and and other available literature (Nakajima et al., 1997) , the desired standing-up motion has the following characteristics: (1) the trajectory of the user's COG is an arc; (2) the trajectory of the user's hip joint while standing up is a straight line at an angle of 45 [deg] from the horizon; and (3) the user is supported until the knee angle reaches 60 [deg] . We chose these design goals for our prototype in order to reduce stress on user' knee and ankle joints. The apparatus mainly assists the user in leaning forward with the upper body and raising the hips. We consider that elderly people with a stoop may not be effectively assisted since their back cannot be leaned forward by our proposed apparatus. Public spaces do not often provide electric power supply, so we use a gas spring as the actuator in our proposed apparatus. In our earlier work (Tanaka, 2017) , the standing-up assistance apparatus was briefly introduced and we presented preliminary simulations. The results showed that the apparatus could reduce torque on the ankle and knee joints simultaneously. In this paper, the design choices and principles are introduced in detail. Experiments with six young subjects are also presented to verify the functionality and feasibility of the proposed apparatus.
Previous Studies
The hypothesized optimal standing-up motion for the elderly, based on data in the published literature, is to lean forward and decrease the load on the leg muscles (Nakajima et al., 1997; Tanaka et al., 2014) . As shown in Fig. 1(a) , the trajectory of a young person's COG while standing up quickly has an "S" shape since young people have greater muscle strength for generating momentum during the initial phase of standing up. Momentum generated by forward movement of the shoulders helps healthy young people stand up while requiring less torque in the ankle and knee joints. When they stand up slowly, the trajectory of their COG takes an "L" shape, as illustrated in Fig. 1(b) . At the point of the trajectory where it shifts from horizontal to vertical, the load on the leg muscles increases. By contrast, the able-bodied elderly's trajectory while standing up is arc-shaped line, as shown in Fig. 1(c) . As the trajectory progresses along the arc-shaped curve, the momentum of the upper body may be utilized, reducing the load on each leg muscle. Nakajima (1997) and Tanaka (2014) concluded from these findings that the trajectory of the hip joint should be straight and at 45 [deg] from horizon, as shown in Fig. 1(d) , and that the trajectory of the COG should be arc-shaped. Based on this conclusion, we built two types of apparatuses to help the elderly stand up by leaning their upper body forward. Each shifts the user's COG along the appropriate trajectory as they stand up to reduce strain on their leg joints.
The caster walker, which supports the front of the user as illustrated in Fig. 2(a) , is effective for supporting users in situations like movement from the bed to the restroom. This type of apparatus consists of links and gas springs without electric actuators. As shown in Figs. 2(b) and 2(c), this apparatus facilitates standing by supporting the shift from sitting Liao, Muramatsu, Watanuki and Tanaka, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) to the standing posture and leaning the upper body forward with two different types of motion that are chosen by changing the direction of one link in the apparatus. Type B is for young people or patients who cannot lean their upper body. The trajectories of the COG were measured during standing up with the apparatus (in Type A operation) and without the apparatus. As a result, five subjects (aged 22-65) reported that they could stand up easily with this apparatus. In addition, the shape of the trajectory was transformed into an arc when using the apparatus, as shown in Figs. 2(d) and 2(e). The subject pictured is 22 years old.
The other assistive device is a bed type that supports the back of the user. This apparatus helps the user shift his/her posture from standing or sitting to lying down, as shown in Fig. 3(a) . This mechanism has multiple links and joints; however, only one actuator is required to drive the apparatus between the three postures. Therefore, design refinements to this mechanism may further reduce the usage of the actuator and save power. To verify the feasibility of the apparatus, we performed interviews with five subjects (aged 22-65) and measured their bodies' motions and COG trajectories. We found that checking both trajectories was necessary for the comfort of the subject and that all subjects could stand up more easily with this apparatus. The trajectory of the hip joint and the COG of an able-bodied elderly subject (aged 65) had almost the same shape with and without the apparatus, as shown in Fig. 3(b) . We concluded that this apparatus reduced the torque on the hip and knee joints by 47% and 22%, respectively. However, both devices are bulky, and as a result their use cases are limited. A device that is small, flexible and easy to install on various chairs is necessary in the design of the standing assist apparatus.
New Small Type of Standing-Up Apparatus
The design guidelines for the standing-up apparatus that we formulated previously are maintained (Tanaka et al., 2011 (Tanaka et al., , 2014 (Tanaka et al., , and 2017 . We have found that the trajectories of the COG and hip joint of the user should have an arc shape and a straight line, respectively. Knapik et al. (1983) found that the human body is able to output the greatest torque and stand up most easily when the knee angle reaches 50 [deg] to 70 [deg] . They measured data from 31 subjects (16 males and 15 females) and averaged torque measurements at various joint angles. We use the middle of the range in Knapik's study to decide the maximum output torque occurs at a knee angle of 60 [deg] , in order to correct for individual differences such as limb length. In other words, our apparatus should support users until the point at which the knee angle reaches 60 [deg] , as users may stand up from this position easily without any assistance. The angle variation of the knee joint during standing (Nakajima et al., 1997) was measured in four elderly subjects. Kouchi et al. (1996) measured the body dimensions of 95 Japanese elderly subjects (46 males and 49 females). The average height was 152.7 [cm] and the average weight was 53.4 [kg], which was measured from 100 Japanese elderly subjects 50 males and 50 females). According to Knapik et al. (1983) and Kouchi et al. (1996) , the range of maximum output 
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Liao, Muramatsu, Watanuki and Tanaka, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) torque is defined as shown in Fig. 4 (a). Considering that individual differences in limb length influence the final angle of the knee joint, we assume that each limb is the average length without regard to gender. The body dimensions in our model follow those of the average of Japanese elderly subjects (Kouchi, 1996) . Based on the average body dimensions of elderly subjects and the variation of each joint angle that achieves a suitable standing-up motion with an arc-shaped COG trajectory (Nakajima, 1997) , the design principles in this paper are summarized in Fig. 4(b) . The COG trajectory should be arc-shaped, the hips should pass through a straight line at a 45 [deg] angle to the horizon, and the apparatus should support the user until the knee joint reaches an angle of the 60 [deg].
Simple-Type Apparatus
These three previously mentioned design principles produce the desired motion, so the next design choices are for the specific dimensions of a device that will serve a wide segment of the population well. The position of link AB is the most important factor in assisting the user along an arc-shaped trajectory. The motion of the backrest is divided into rotation and translation motions, which help the users to lean forward and shift the hip joint upward on a 45 [deg] line, respectively. Based on the design principles introduced above, we intuitively designed a simple mechanism with only three links, as illustrated in Fig. 5(a) . This apparatus may be attached to a chair with a long link at the base. To decide the length of each link, the Pythagorean theorem was used, as shown in Fig. 5(b) . According to the desired displacement of the hip joint, the length of the lower link (lb) 
and the required angle of the upper link is approximately 10.3 [deg] . The length of the upper link can then be calculated as follows:
Comparing the length of ll, lb, and lu at the initial posture, the height of the simple apparatus (lb + lu ≈ 1.32 [m]) restricts Fig. 5 (a) The proposed simple mechanism to assist with the standing-up motion for the elderly; (b) the parameter designed by using the Pythagorean theorem.
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(a) The schematic diagram of the simple-type apparatus (b) The position of the joint and the parameters 
Pantograph-Type Apparatus
We used a pantograph to minimize the height of the apparatus. A schematic diagram of each joint with labels is shown in Fig. 6(a) . Based on the characteristics of pantograph mechanisms, the geometrical relationships between each link are l = DI = ED = BH, EH = GI = 2l, DI // EH // GB, and ED // GI // BH. The length and range of motion of the lower link (link AC) and the backrest (link AB) are not changed from the simple type, and the trajectory of the backrest is also maintained. Each link is 0.02 [m] wide (w = 0.02 [m] ). According to the dimensions we wanted to retain from the simple apparatus, the length of the links (l) in the pantograph mechanism can be calculated as follows: Liao Vol.11, No.6 (2017) However, the initial position of the apparatus cannot be recovered when the mechanism is installed on a frame, since the width of the link was not considered, as shown in the left of Fig. 7(a) . To compensate for the width of the links, the joint D was shifted 0.02 [m] to the left to ensure that the backrest in the initial posture is orthogonal to the horizon. The values of l and θp in the final posture of the apparatus were then recalculated as 0.118 [m] and 9.8 [deg] . The dimensions of the pantograph-type apparatus are illustrated in Fig. 7(b) . We also needed to include an actuator. Considering that electrical outlets are not often conveniently distributed in public spaces, we chose to use actuators that do not require electricity. Power consumption is another issue when using linear actuators if a large number of apparatuses are installed, and the position and velocity do not need to be controlled since elderly users stand up relatively slowly. In addition, the gas spring has the advantages compared with electric actuators, which is relatively lightweight and low cost. Comparing the initial and final posture of joint A, the stroke of a gas spring must be approximately 0.215 [m] . In commercial products, gas springs usually have a specific stroke length. We chose a gas spring with a stroke of 0.250 [m] and a maximum length of 0.604 [m] (type: GS-19-250-AA-50, ACE Control Inc.). Therefore, an additional connector on the backrest was needed to fit this actuator to our design.
To validate whether the design of the apparatus is consistent with our proposed design principles, the trajectory of the backrest must be calculated with the dimensions shown in Fig. 7(b) . The length of the whole pantograph mechanism (lp) at each specific posture can be calculated, as shown in Fig. 8(a) . By employing the law of cosines, the value of lk can be expressed with the following two equations:
and
where the values of ll and lb are given as shown in Fig. 7(b) . In addition, the angle of θc is also assumed as a given value in the range from 82 [deg] to 0 [deg] . θB is the angle between the backrest and the centerline of the pantograph mechanism. θB can be expressed as 
By the bisection method, we can solve this equation for θp. Further, the angle of the backrest (φ) can be found as follows:
According to the trigonometric relationships shown in Fig. 8(b) , the length and angle of the gas spring can be calculated. The relationships are
where θ′ = π -φ -tan -1 (0.01/0.06) and lg = (0.01 2 +0.06 2 ) 1/2 . By dividing Eq. (12) by Eq. (11), θs can be calculated as follows.
Evaluation
To evaluate the pantograph-type apparatus, the trajectory of the backrest must be calculated. For this, the positions of joints A and B can be calculated. The fixed point of the lower link (joint C) is assumed as the origin where C = (0,0). The positions of joints A and B can be obtained by the Pythagorean theorem as follows:
The trajectories of joints A and B can then be derived while θc is the range from 82 Fig. 9(b) . Due to its relatively small size, the apparatus may be installed on various chairs for wide application in various public spaces. This device is effective for elderly people who are bent forward with a hump on their back, a condition medically known as kyphosis. Our proposed apparatus was designed following data from subjects who had normal, straight backs. where θB and θp are given by Eqs. (7) and (9). The related variation of each angle is calculated and illustrated in Fig.  11(a) . Before the statics analysis, the links with no force must be confirmed in advance. At equilibrium, the mechanism may be treated as a truss. The zero-force links are links EFH and GFI, which satisfies the requirement (Hibbeler, 2009) that "if only two members from a truss joint and no external load or support reaction are applied to the joint, the two members must be zero-force members." In other words, the force on link FH (FFH) is zero. Additionally, we assume that each link moves ideally, with no friction during rotation. The relationship between the input force and the output force is then calculated by solving the static equilibrium equations as follows:
and the corresponding functions were arranged and presented in a matrix form, following Eq. (18) 
The force vector (f) can be found by taking the inverse of A and is expressed with the following equation:
The gas spring generates an inconstant force (Fs), ranging from 55 to 65 [N] . Accordingly, the interaction forces in each link and the output force (Fa) that supports the hip joint can be calculated using Eq. (22) for the standing-up phase, and the relationship between the input force from the gas spring and the output force of the apparatus is illustrated in Fig.  11(b) . The maximum assistive force produced (Fa) is 52.4 [N], when the gas spring is parallel to the backrest.
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The Human COG
We used the body-segment method to calculate the COG of human. The related trajectory of the COG was calculated for each posture during the standing-up motion. As shown in Fig. 12 , the human body is described using a two-dimensional model in the sagittal plane. The model consists of three solid links: shank, thigh, and a combined link for the head, arm, and trunk (HAT). While standing, humans seldom move their feet, so the feet are fixed as the reference point in this model. We set the location of the ankle joint as the origin (xa ,ya) = (0,0). The knee, hip, and shoulder joints are represented as (xk,yk), (xh ,yh), and (xs,ys), respectively. In addition, all the human joints are assumed to be ideal with no friction during rotation. The positions of the knee joint (xk,yk), hip joint (xh,yh), and shoulder joint (xs,ys) are expressed as 
where l1, l2 and l3 are the lengths of the shank, thigh and HAT, respectively. The position of each joint in every posture may be calculated using Eq. (23). We used the average COG for each limb (link) as found by Ehara et al. (2001) , who found l3g, l2g, and l1g to be 0.65l3, 0.45l2, and 0.45l1, respectively. Additionally, using the data on the length of each limb (l1, l2 and l3), the COG can be calculated as follows by employing the law of the lever: (23) and (24), the COG during any posture may be solved as follows: Systems, and Manufacturing, Vol.11, No.6 (2017) (Ehara et al., 2001 ).
Torque on Joints
Elderly people often cannot easily lean their trunk forward in the first phase of standing up as their physical strength has been reduced. Instead, during the first phase of the standing-up motion, the elderly lean their trunk forward slowly to shift their overall COG. Therefore, in this paper, we calculate the static torque on the ankle, knee, and hip joints. We assume that the assistive force (Fa) helps the user while standing up. An FBD for each joint is shown in Fig.  13(a) . The torque on the knee (τk) and ankle joints (τa) may be calculated as follows:
where φ1 = 90º + θ1 -θ2, φ2 = 90º -θ1 + θ2 -θ3 and the reaction forces of the knee joint (R2x and R2y) are   45 cos
The related angles (θ1, θ2, and θ3) during the standing-up motion were reported by Nakajima et al. (1997) and are presented in Fig. 13(b) . By substituting these angles into Eqs. (26) and (27), the torque on each joint may be obtained. The average weights and lengths of each limb were measured by Kouchi et al. (1996) and found to be 53.4 [kg] and {l1, l2, l1g, l2g, l3g} = {0.360, 0.381, 0.198, 0.210, 0.314} [m] , respectively. Simulated results with human data in a static model are plotted in Fig. 14 . The apparatus assists the elderly until the knee joint achieves 60 [deg], 56.5% of the way through standing, as shown in Fig. 14(c) . As shown in Figs. 14(a) and 14(b), the torques on the knee and ankle joints decrease simultaneously around 19.8 [N-m] in the knee joint and 32.9 [N-m] in the ankle joint. This assistive force in this simulation is that presented in Fig. 11(b) , which shows the maximum output force of the apparatus (Fa) at the end of standing. This proves that the proposed apparatus can successfully reduce the burdens on knee and ankle joints. Liao, Muramatsu, Watanuki and Tanaka, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) 
Experimental Results and Discussion
To verify the feasibility of our apparatus, a prototype apparatus was fabricated with the dimensions shown in Fig.  7(b) , as shown in Fig. 15(a) . Experiments were conducted with five healthy subjects 20-23 years of age. All subjects sat on the apparatus and kept their knee and ankle angles as close to 90 [deg] as possible to start. All subjects were also asked to cross their arms in front of their chest. Reflective markers were attached to the ankle, knee, hip, and shoulder of each subject, as shown in Fig. 15(b) . The subjects' hip, knee, and ankle joint angles were recorded by motion capture and the trajectories of the COG and hip were calculated with the recorded angles using Eq. (23) and Eq. (25), respectively. We did not consider the assist force of the apparatus in this experiment, but instead we measured only the apparatus's influence on the trajectory of the COG and hip joint because the purpose of this research is to rectify the trajectories of the elderly with a suitable standing-up motion by our proposed apparatus.
The subjects' trajectories are shown in Fig. 16 . The trajectories of all subject's hips are confined to a 45 [deg] straight line. These hip trajectories meant that the users could rely on the seat to ensure that their hip trajectory followed the trajectory of joint A of the apparatus. In the previous study (Tanaka, 2014) , the standing-up trajectory of COG may be an "L" shape with relatively slow speed. The trajectories of the COG for Subject 3 and 4 could approximately achieve an arc shape even if the standing-up speed was relatively slow. This shows that users could stand up with the intended trajectory, which should reduce the load on the leg muscles. In the cases of Subjects 1, 2, and 5, they could not achieve the arc-shaped trajectory. This was because these subjects did not correctly lean on the backrest of the apparatus. In other words, kyphosis in elderly people restricts them to lean on the backrest due to their physical condition. However, the hip joint can still receive the assistive force from the apparatus. Compared to the elderly without kyphosis, the torques on the knee and ankle joints of kyphotic elderly people may be greater while standing up since they cannot make use of both components of a proper standing-up motion.
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Conclusions
Our pantograph-type apparatus assists users in reaching the middle phase of the standing-up motion by meeting three design principles: (1) the trajectory of the user's COG is an arc; (2) the trajectory of the user's hip joint while standing up is a straight line at an angle of 45 [deg] from the horizon; and (3) the user is supported until the knee angle reaches 60 [deg] . It may be compact enough for use in public space. We conducted a statics analysis to verify the functionality of the proposed apparatus. These analytical results shown that the motion of the apparatus could produce our desired trajectory. Since we cannot directly measure the output torque on ankle and knee joints, we used a simulation to evaluate the feasibility of the proposed apparatus. Working with measurements from elderly subjects, the simulation showed that the torque on knee and ankle joints while standing up could decrease by 19.8 [N-m] in the knee joint and 32.9 [N-m] in the ankle joint.
A prototype of the apparatus was fabricated and assembled out of mechanical links and a gas spring. Experimental evaluations were also conducted with five subjects' trajectories of the COG and hip joint. By measuring the angles of each joint, the trajectories were derived and compared between subjects using the apparatus and standing unassisted. The results showed that the subjects' trajectories almost satisfied our three design goals' principles, except for Subjects 1, 2, and 5 as they did not lean on the backrest of the apparatus. This proved that the proposed apparatus could successfully rectify the trajectories of the user. In future work, we will measure the correlated muscle activities during standing and measure the torque on knee and ankle joints when using the apparatus and standing unassisted.
